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Fmre 1. A comparison of the diffuse reflectance spectra of solid 
2,2',5,5'-tetramethylbistibole (1) and 2,2',5,5'-tetramethylbibismole 
(3). The vertical scale is arbitrary. 

(s, 6 H), 7.28-7.45 (m, 3 H), 7.98 (d, J = 6.5 Hz, 2 H), 8.53 
(s, 2 H); MS m / e  (relative intensity) 366 (1, M+ for 
Cl2HI3Bi), 209 (60, Bi+), 157 (100, M+ - Bi). Because of 
its lability the bismole was used directly without extensive 
purification. Like its pnicogen analogues, 1-phenyl-2,5- 
dimethylbismole undergoes facile phenyl cleavage on 
treatment with active metals.'J2 The reaction of 5 with 
sodium in liquid ammonia gave the potentially aromatic 
2,5-dimethylbismolyl anion 9. Coupling of 9 with 1,2- 

9 - 3 
N 

dichloroethane afforded the desired 2,2',5,5'-tetra- 
methylbibismole (3): mp > 95 "C dec; lH NMR (C,D,) 

152.3 (CH), 162.6 (CBi); MS (CI-CH$ m / e  (relative in- 
tensity) 579 (0.5, M+ + 1 for Cl2H1J3i2), 209 (161,160 (100, 
M+ - Biz). Anal. Calcd for ClzH1$i2: C, 24.93; H, 2.79. 
Found: C, 24.81; H, 2.77. 

This dibismuthine is air sensitive but in the solid state 
can be stored at  room temperature. The dibismuthine is 
obtained as black crystals with a greenish luster. The 
diffuse reflectance spectrum of crystalline 3 (illustrated 
in Figure 1) shows a broad absorption maximum centered 
at  690 nm. On the other hand, solutions of 3 in cyclo- 
hexane are red (A, = 230 nm (6 14600), sh 320 nm (5600) 
with a low intensity tail out to 700 nm). This large red 
shift between solution and solid is similar to that observed 
for 1. Consequently, we believe that the crystal packing 
of 1 and 3 must be similar. 

Hoffmann et al. have suggested that the solid-phase 
color of 1 is due to a u - a* excitation.2 One expects the 
lowest P* orbital of 1 and 3 to be of very similar energy. 
On the other hand, the Bi-Bi u bond of 3 is likely to be 
of higher energy than the Sb-Sb u bond of l.4 Thus the 
observed red shift between 3 and 1 is consistent with the 
smaller band gap predicted from the Hoffmann model. 
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6 2.41 ( ~ , 6  H), 8.43 ( ~ , 2  H); 13C NMR (C,D,) 6 28.5 (CH,), 

(12) Wittenberg, D.; Gilman, H. J. Org. Chem. 1958,23, 1063. Miirkl, 
G.; Hauptmann, H. Angew. Chem., Int. Ed. Engl. 1972, 1 1 ,  439. 
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Summary: The nucleophilic ketenylidene [ Fe,(CO),- 
(CCO)] 2- ( I  I I) serves as a convenient mixed-metal car- 
bide precursor. Compound I11 reacts readily with labile 
metal carbonyl fragments such as M(CO),(NCCH,), (M = 
Cr, W) to generate the new clusters [Fe3MC(CO),,12- 
which contain a nucleophilic carbide ligand similar to that 
in [Fe,C(CO),,]*-. By contrast, treatment of 111 with 
Co,(CO), leads to replacement of one iron vertex, gen- 
erating a new monoanionic heterometallic ketenylidene 
[Fe,Co(CO)&CCO)]- which is less reactive but otherwise 
chemically similar to I I I .  X-ray crystallographic analysis 
shows the CCO tilt to be considerably less than in the 
[ Fe,(CO),(CCO)] 2- species. 

Because of the importance of CO cleavage on metal 
surfaces and the subsequent reduction of the surface 
carbide, there is considerable interest in the chemistry of 
metal cluster compounds containing reactive carbide lig- 
ands. Metal cluster carbides having more than four metal 
atoms have repeatedly been observed to lack reactivity at 
the carbide To date, reactivity of the carbide 
ligand has been achieved only for the isoelectronic four-iron 
butterfly carbides, Fe4(C0)13C (I) and [Fe4(CO)12C]2- (II)?y5 
In these compounds the carbide ligand is coordinated to 
only four iron atoms and it is exposed. Recently, a 
three-iron cluster [Fe3(CO),(CCO)]2- (111) was synthesized 
which contains a ketenylidene ligand, CCO, having car- 
bide-like reactivity, and this discovery raises the possibility 
that ketenylidenes may play a role in the reduction of CO 
on metal surfaces.6 The reactivity of I11 is illustrated by 
its interaction with methylating agents or acids to produce 
ethylidyne or methylidyne derivatives (eq l), with con- 

OC, 1 e -  
-- 

I R 

I11 

comitant migration of the ketenyl CO onto the metal 
cluster. In the present communication we report that I11 
affords a convenient route to new mixed-metal cluster 

(1) (a) Northwestern University. (b) Recipient at a Gulf Foundation 

(2) Tachikawa, M.; Muetterties, E. L. Prog. Inorg. Chem. 1981,28,203 

(3) Kolis, J. W.; Basolo, F.; Shriver, D. F. J. Am. Chem. Soc., 1982,104, 

(4) Bradley, J. 6.; Ansell, G. B.; Hill, E. W. J. Am. Chem. SOC. 1979, 

(5 )  Tachikawa, M.; Muetterties, E. L. J. Am. Chem. SOC.  1980, 102, 

(6) Kolis, J. W.; Holt, E. M.; Drezdzon, M. A.; Whitmire, K. H.; 

Fellowship. (c )  Oklahoma State University. 

and references contained therein. 

5626. 

101, 7417. 

4541. 

Shriver, D. F. J. Am. Chem. SOC. 1982, 104, 6134. 
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carbides and to a new ketenylidene, all of which have 
reactivity a t  the carbide carbon. 

In analogy with known metal cluster building reac- 
tions,'~~ [Fe3(CO)g(CCO)]z- (111) was stirred with a slight 
molar excess of Fe2(C0)9 in THF and the rapid formation 
of the known anionic four-metal carbide, 11, was observed. 
In a similar fashion, labile group 6 carbonyl moieties add 
to I11 (eq 2) and IV. The products IVa,b, are produced 

/ I \  
% /, I 
Fe-M- 

//I / I \  
/ I  / I  . 
IVa; M = Cr 

b ; M = W  

I11 

in high yields and as described below are formulated with 
the butterfly structure having an exposed and reactive 
carbide ligand. 

All of the members of IV display a low-field resonance 
in the 13C NMR indicative of a carbide, and analytical data 
fit the proposed f~ rmulas .~  A crystal of the AsPh4+ salt 
of IVb was investigated by X-ray diffraction, but disorder 
of the CO ligands precluded refinement of their positions. 
The results do however allow the disposition of the metal 
atoms in the framework to be specified with reasonable 
confidence (R  = 12.3%). As indicated in structure IV the 
tungsten atom occupies a hinge position in the butterfly 
array. In keeping with this formulation, treatment of these 
compounds with strong acid leads to a disappearance of 
the carbide resonances, and new 13C resonances appear 
with chemical shifts and coupling constants close to those 
of HFe4(CO)12(CH) (eq 3).1° In addition, mass spectro- 

[Fe3W(C0)13C]2- + 2H+ - HFe3W(C0),,(CH) (3) 

scopic data for HFe,W(CO),,(CH) fit the proposed for- 
mulation." Upon addition of methanol to a methylene 
chloride solution of compound V the methyne proton is 
lost as indicated by lH NMR and the cluster becomes a 
monoanion as judged by CO stretching frequencies. Thus 
the methyne proton in V is very acidic. These results 
provide the first examples of heterometallic clusters con- 
taining reactive carbide ligands. 

In contrast, when I11 is treated with C O ~ ( C O ) ~  an almost 
instantaneous reaction occurs a t  room temperature, pro- 
ducing a monoanionic cluster in high yield along with 
[CotCO),-] and Fe(C0)5. This compound displays no 
low-field 13C NMR resonances characteristic of a carbide, 
but instead the NMR spectrum is reminiscent of the- 
ketenylidene III.12 The resonance at  82.8 ppm is broad- 
ened due to coupling with the cobalt quadrupole but the 

(7) Chini, P. Inorg. Chim. Acta, Rev. 1968, 9, 1. 
(8) (a) Tachikawa, M.; Geerta, R. L.; Muetterties, E. L. J. Organomet. 

Chem. 1981,213, 11. (b) Tachikawa, M.; Sievert, A. C.; Muetterties, E. 
L.; Thompson, M. R.; Day, C. S.; Day, V. W. J.  Am. Chem. SOC. 1980,102, 
1725. 

(9) For PPN2[Fe3CrC(CO)13]: Anal. Calcd for CBBHBONZO13P4Fe3Cr: 
C, 61.75; H, 3.62; N, 1.67; Fe, 10.02; Cr, 3.11. Found C, 59.19; H, 3.50; 
N, 1.61; Fe, 8.88; Cr, 3.34. IR YCO (CHZC1.J 1961 (s), 1940 (s), 1900 (m, 
sh), 1878 (sh), 1831 (w), 1780 (w, br) cm-'. 13C NMR (CD2C12, -90 "C) 
483.4 (s), 233-214 (m) ppm. For PPN2[Fe3WC(CO),,]: Anal. Calcd for 
C&&,Ol3P4Fe3W C, 57.24; H, 3.35; N, 1.55; Fe, 9.28; W, 10.19. Found 
C, 55.42; H, 3.00, N, 1.49; Fe, 9.13; W, 11.93. IR YCO (CH2ClZ) 2010 (m, 
sh), 1976 (vs), 1962 (vs), b948 (8 ,  sh) cm-'. 13C NMR (CDZCl2 -90 "C) 
470.3 (Jc.w = ca. 62 Hz), 221-212 (m) ppm. 

(10) For HFe3W(CO)1,CH: IR uco (hexane) 2056 (s), 2044 (vs), 2035 
(s), 2022 (m), 2010 (m), 1983 (s), 1963 (w), 1920 (w, br) cm-'. lH NMR 
(toluene-d, 25 "C) -0.51, -16.1 ppm. 13C NMR (CD2C12, -90 "C) 339.7 
(Jc-H = 97 Hz), 212-206 (m) ppm. 

(11) Parent ion isotopic envelope at  m/e 730 yields a good isotopic fit 
to the formula HFe,W(CO),,(CH) ( R  = 9.5% assuming 23% hydrogen 
loss) as determined by the computer program MASPAN. 

33 

Figure 1. ORTEP diagram of the [Fe,Co(CO),(CCO)]- ion in 
[PPN] [Fe,Co(CO),(CCO)]. The ketenylidene ligand is C98, C99, 
099. It was not possible to differentiate Fe from Co so the cobalt 
position is arbitrary. 

resonance at 172.5 ppm is sharp and the 13C satellites can 
be clearly distinguished. The existence of a carbon-carbon 
bond is confirmed by selective irradiation of the resonance 
at  82.8 ppm and observation of the collapse of the 13C 
satellite at 172.5 ppm. The elemental analysis is consistent 
with only two irons and- one cobalt per cluster suggesting 
reaction 4.12 

C, 
0 12- 1- 

111 VI 
CCo(C0)41- t Fe(C0Is (4) 

The nature of compound VI is positively established by 
an X-ray crystal structure determination (Figure 1) which 
reveals a structure similar to that of 111,13 with a CCO tilted 
toward the metal plane. This contrasts with the CCO 
which is perpendicular to the M3 plane in H,OS~(CO)~(C- 
CO)14 and proposed for [CO~(CO)~(CCO)]+.'~ Two inde- 
pendent [CoFe,(CO),(CCO)]- clusters are present in the 
asymmetric unit, and these are similar in structural detail. 
Both show the ketenylidene bound to the face of the metal 
triangle, and three terminal CO ligands are bound to each 
of the metals. Metal-metal distances [range 2.527 
(6)-2.545 (4) A] are consistent with those observed for 
[Fe,(CO),(CCO)]" where the average Fe-Fe distance is 
2.569 (4) A.13 The CCO ligand in VI is bound asymmet- 

(12) For P P N I C o F e O ( C O ~ d C C O ) l :  Anal. Calcd fn r  ~ I I . ~  ~ ~ , ,  - ..~. - . .. 

C47H&OlJ'2Fe2Co:' C, 56.58; H, 3.02; N, 1.40; Fe,l115; Co, 5.89. Found 
C, 56.26; H, 3.03; N, 1.27; Fe, 8.89; Co, 4.73. IR uco (CHzC12) 2001 (s), 
1990 (s, sh), 1966 (m, sh), 1930 (w), 1835 (w, br) cm-'. 13C NMR (CDEl,, 
-90 "C) 213.5 (br), 172.5 (doublet on singlet), 82.8 (br) (Jc-c = 79.4Hz) 
PPm. 

(13) Crystal data for [PPN][CoFe,(CO),(CCO)]: Unit cell dimensions, 
a = 18.360 (7) A, b = 16.370 (7) A, c = 20.567 (12) A, a = 76.16(4)", B = 
103.40(4)", y = 65.85 (3)O, V = 4529.9(3.7) A, space group P1 (Z = 4, 
density (calcd) = 1.47 g/cm-l). Mo radiation, X = 0.71069 A; 4327 ob- 
served reflections were collected by using 8-28 scan mode. The structure 
was solved by direct methods. The refinement did not permit differen- 
tiation between Fe and Co. The metal-metal distance show only sta- 
tistical differences (range 2.526 (6)-2.546 (5) A) and metal carbonyl 
carbon differences are approximately equal. The final cycle of refinement 
led to the final agreement factor R = 8.6%. The structure of I11 has been 
redetermined with good accuracy (Kolis, J. W.; Holt, E. M.; Shriver, D. 
F. J.  Am. Chem. SOC., in press). 

(14) Shapley, J. R.; Strickland, D. S.; St. George, G. M.; Churchill, M. 
R.; Bueno, C. Organometallics 1983, 2, 185. 

(15) Seyferth, D.; Hallgren, J. E.; Eschbach, C. S. J. Am. Chem. SOC. 
1974,96,1730. Seyferth, D.; Williams, G. H.; Nivert, C. L. Znorg. Chem. 
1977, 16, 758. 
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rically to the triangular face, with a 24O tilt of the least- 
squares line through the CCO relative to the perpendicular 
to the metal triangle. The CCO is more nearly perpen- 
dicular in the CoFe2 compound than in the Fe3 analogue, 
111, where a 33.5’ tilt is observed. In both structures the 
CCO ligand tilts toward the metal atom to which the a- 
carbon of CCO displays the longest distance. Metal re- 
placement reactions similar to that in ea 4 have been ob- 

oxygen transfer and from cleavage of the alkene. The 
results are interpreted in terms of the Sharpless-God- 
dard-Rap$ mechanism of oxidation of alkenes by CI,- 
CrO, involving oxametallacyclobutane formation followed 
by reductive elimination of an epoxide (oxygen transfer) 
or metathesis to give formaldehyde a”d a Cr(VI)-oxo 
carbene (cleavage). 

served for several different clusters containing a capping 
ligand.16J7 In comparison to these other examples of metal 
substitution, the reaction observed here is unusually facile. 

Compound VI displays a reactivity pattern which is 
similar to that of the one other anionic ketenylidene, 111. 
Thus protonation generates a methylidyne with simulta- 
neous migration of the ketenylidene CO into a bridging 
position on the metal framework.18 The mononegative 
iron-cobalt cluster, VI, is significantly less reactive than 
the dinegative Fe3 cluster, 111. For example, it shows no 
reaction with CHJ nor is there any apparent reaction with 
excess C O ~ ( C O ) ~  overnight a t  room temperature. 

In summary, the present work provides the first exam- 
ples of mixed-metal exposed carbide clusters and the first 
example of a mixed-metal ketenylidene. These were 
prepared by cluster building and metal substitution re- 
actions on [Fe3(CO),(CCO)]2-. Similar reactions between 
I11 and labile transition-metal organometallics are likely 
to yield a broad class of clusters which have reactive carbon 
ligands. 
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Summary: Reaction of CICrO,’ with ethylene in a se- 
lected ion flow tube gives product ions deriving both from 

Oxidation of alkenes by do transition-metal oxo species 
such as OsO,, RuO,, Mn04, and Cr(V1) oxo complexes is 
of central importance in preparative organic chemistry. 
Since the relatively recent proposal by Sharpless2 that 
metal-carbon bonded intermediates may be involved in 
these reactions, considerable interest in the mechanism of 
oxidation of alkenes by these high-valence oxo complexes 
has also been generated. Chromium oxo oxidation of al- 
kenes gains a special significance in this regard, since the 
study of reactions of this type has a particularly long 
history, and the chemistry evidenced is very rich indeed.24 

An understanding of the mechanism of oxidation of 
alkenes by Cr(V1) oxo species is hindered by the fact that 
diverse solvents and ligands have been utilized in the 
various experimental studies reported, and these factors 
can have a dramatic effect on the course of the reaction. 
In order to gain a better insight into the intrinsic reactivity 
of chromium dioxo species with alkenes we undertook a 
study of the reactions of some chromium oxo cations with 
ethylene and oxirane in the gas phase.5 This work rep- 
resents to our knowledge the first gas phase study of the 
reactions of any high-valence metal oxo species with al- 
kenes. 

Electron impact on chromyl chloride (95 eV) in the 
low-pressure source of a selected ion flow tube (SIFT) gives 
large quantities of Cr+, CrOz+, ClCrO+, and C1Cr02+. The 
SIFT technique allows clean injection of any one of these 
ions into the flow tube for the study of its reactions with 
neutral reagents. In particular, C1Cr02+ reacts very rapidly 
with ethylene to give two product ions resulting from ox- 
ygen transfer (C2H30+, 75%, and ClCrO+, 12%) and one 
product containing both chromium and carbon 
(C1CrOCH2+, 13%).6 

The mechanistic questions surrounding the reaction of 
Cr(V1) oxo species with alkenes seem to focus on the to- 
pology of the important intermediates or transition states. 
Specifically, experimental work by Sharpless2 and very 
recently by Kochi4 indicates that a primary process in the 
oxidation of alkenes by X2Cr02 (X = C1 or ONOJ in so- 
lution is formation of the epoxide with retention of con- 
figuration. While even the oxidation state of the metal in 
the oxidant is contr~versial,~ an exceedingly interesting 
mechanistic question, which extends to many oxidation 
processes, is well illustrated by the mechanistic proposals 
shown in Schemes I and I1 for the oxidation of ethylene 
by C1Cr02+ (1). 

(1) Alfred P. Sloan Foundation Fellow, 1982-1984. Camille and Henry 
Dreyfus Teacher-Scholar, 1983-1985. 

(2) Sharpless, K. B.; Teranishi, A. Y.; Backvall, J. E. J. Am. Chem. 
SOC. 1977,99, 3120-3128. 

(3) Wiberg, K. B. “Oxidation in Organic Chemistry”; Academic Press: 
New York, 1965; Part A. 

(4) Miyaura, N.; Kochi, J. K. J. Am. Chem. SOC. 1983,105,2368-2378 
and references therein. 

(5) (a) Grabowski, Joseph J. Ph.D. Thesis, University of Colorado, 
1983. (b) Grabowski, J. J.; DePuy, C. H.; Bierbaum, V. M. J .  Am. Chem. 
SOC. 1983, 105, 2565-2571. 

(6) A single measurement of the rate constant for this reaction gave 
k = 1 X lo4 cm3 particle-’ s-l. Stevens and Beauchamp (Stevens, A. E.; 
Beauchamp, J. L. J .  Am. Chem. SOC. 1979,101,64494450) have observed 
products analogous to ClCrO+ and ClCrOCH2+ in the reaction of MnO+, 
a d4 species, with ethylene. 
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